- o
' o

A Parallel Toolset for Intervi
A 1alysis

Tom KREI'TZBERG
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, CA USA

Abstract. ‘The ability to determine line-of-sight over a digital elevation model
(DIM) is useful in a variety of ficlds. Since linc-of-sight and related probleins
involve computations on a grid with radial data dependence, domain decomposition
on a distributed memory paratlel machine is a good approach o solving, them in a
timely manner. This paper deseribes a set of intervisibility tools oftfering the analyst
a) viewshed determination for a single relerence poing; b) Boolean operations on
viewshed masks for a set of reference points; ¢ statistical matrices for the complete
intervisibility problem (the set ol all viewsheds) for a DEM; and d) radio path loss
computation. The toolsct has been implemented on a 16-node transputer hypercube
running Express, and is available (o the analyst via an X-based graphical user
inlerface.

niroduction

‘The capability to rapidly determine which points on a given Digital Elevation Model
(DEM) are visible from a fixed reference point is important in arcas as diverse as land
management, radio communications, and military planning [1]. A1l such problems in the
class of intervisibility analysis share a property which may be called radial data dependence:
the output at a point depends in a fundamental way on the input data along a ray passing
through that point.

This property of regular data dependence suggests that intervisibility  analysis may be
efficiently performed using data decomposition on a distributed memory parallel system.
Such a decomposition has already been shown to work for perspective view rendering,
another problem with radial data dependence [2]. A set of intervisibility tools which use the
same paradigm has been developed at the Jet Propulsion Laboratory (JPL). The toolset,
which addresses a large variety of problems -- from simply determining whether one hilltop
is visible from another, to complex problems of optimal antennace placement -- has been
implemented on a network of sixteen transputers on a Sun host, using the Logical Systems
C compiler within the Express transputer environment,

The user interface is handled through a menu-driven map background package, running
on a (possibly remote) X workstation. Tools include the following:

1) Viewshed determination for a single reference point; viewshed is the term
for the set of points visible from the reference point, The product is a Boolean
mask ol hidden/visible DEM points,

2) Boolcan operations on viewshed masks for a set of reference points. The
products are themselves Boolean images referring o points visible to alf
reference points ("AND™); points visible to at Ieast one reference point ("OR' -
and so forth. Any combination of Boolean operations on the viewsheds oF
relerence points may be constructed.

3) Generation of statistical matrices for the viewsheds of all the points in the
reference DEM. Statistics include size of total viewshed, size of connccled
viewshed (the set of points visible to the reference point with no hidden points in
between), and viewshed size gradient.




4) Radio path loss compulation, a matrix ol the power drop-ofl of a radio
signal due to distance, terrain, and scattering; and the corresponding signal-to-
noise ratio at all DEM points for a given transmitler signal strength,

‘The products of all the tools may be displayed against a geo-referenced map background,
or used as input to more complex analytical tools, such as optimal path planning and resource
allocation analysis.

Section 2 of this paper describes the method of tiled radial domain decomposition used to
parallelize the elements of the toolkil. Section 3 is a discussion of some memory and 1/0
considerations. Section 4 describes the user interface and analyst options, and Section 5
concludes the paper with directions for future work.

2. Radial Domain Decomposition
2.1 The Basic Decomposition Scheme

The fundamental operation performed by all intervisibility tasks is to compute an outpul
value at a point as a function of input data along a ray which passes through that point. This
radial data dependence suggests a natural approach to implementing the toolset on a
(ransputer network: assign cach node an independent arca of responsibility (AOR), bounded
by the edges of the DEM and rays originating at the reference point. A node is responsible
for computing all output data along the rays contained by its AOR (Figure 1).

‘This approach offers several benefits when implemented on transputers. Since only the
input data covering a node's AOR is required locally, communications overhead and memory
requirements are substantially Tower compared to methods which ignore the radial data
dependence. An arbitrary number of nodes may be used, with the number varying from run
to run. In fact, if Tocal memory constraints are such that the entire problem does not fit when
decomposed across the available nodes, it is a straightforward matter to break the problem up
so that cach node computes the output for several AORs, with the nodes running in parallel
until the complete DEM is finished.

By using three auxiliary arrays, it is possible to efficiently map a wedge-shaped region of
a two-dimensional grid into a one-dimensional data array in a C program using the FExpress
library |3]. For an MxN DEM, deline

start[i] = j, where element (i,j) is the first element in row i used by the node;
wideli] = k, where k is number of elements in row i used by the node; and
offset[i} = (. o2 Twide|1]) - starthi]; for O<i<M.

11 no clements in row i are used, let startfi] = 0. I the input data is stored in a one-
dimensional array data beginning with row 0, the C macro

fldefine L.EMEN ‘(line, sample) datalol setfline]4 sample

Reference
point
S —

dgure 1. Equal arca domain decomposition for 4 nodes, along rays from the reference point to the
boundary of the DEM.
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Figure 2. A portion of a node'sarcaof responsibility (AOR). The diished lines are the bounding rays from the
reference point, The solid gridpoints are those for which the node supplies the output values. Input data is
required at the solid as well as the shaded gridpoints, to interpolate elevation Vaues along the bounding rays.

returns the clement with global coordinates (Jine, sample). ‘The macro

fldefine VALID(line, sample) ((sample > start] line |) & & (sample<star|line | -1 \
wideflinel]))

returns 1 when the element (line, sample) is actually stored in data.

Given these macros, the C code for generating the output using radial domain
decomposition is identical to the version using no decomposition, except for the substitution
of ELEMENT(Iine,sample) for datalline}[sample] (and, for the timid, appropriate use of
VALID).

The auxiliary arrays start and wide represent the set of data required by a node. In general,
and in the particular case of line-of-sight, the sets of points needed for input and output will
not be the same. For output only those points on or within the AOR boundary are required,
but to compute elevation values along the bounding rays, values at points adjacent but
external 1o the boundary are used (l<1gmc 2). There fore two sets of auxiliary arrays, onc for
input and ong for output, arc computed.

2.2 'Iiled Radial Domain Decomposition

Radial domain decomposition is a reasonable first step to parallelizing intervisibility
problems, but it does not adequately deal with the relatively high cost of /0O operations. The
row-based scheme implics that on the order of M reads, cach on the order of N bytes, from
the host are necessary 10 load the DEM data. The host could concatenate the data, but the
difficulty remains of moving the data between nodes as subsequent reference points, creating,
new radial decompositions, are re ceived.

One solution is to reduce the granularity of the input data decomposition. The input data
may be considered transmittable only in units of tiles or blocks, usually square scts ol
contiguous gridpoints (Figure 3). Rather than optimizing memory usage by requesting
precisely those data the node will use to compulte the output, the node requests the set ol tiles
covering the necessary gridpoints. If the data are in square tiles m points across, the number
of reads is reduced to O(M/m), with cach read involving O(N*m) byles.

The auxiliary arrays start and wide become faster to compute, having shrunk in length to
at most [M/m] +4 2 (the exact length depends on in which row of the tiles the first row of the
DM falls). Since overall difficulty, like entropy, secems always to be a non-decreasing
function, compuling the offset array is much harder. In fact, storing the data as tiles locally
makes two offset arrays, of dimensions M and N respectively, usclul.

1.ct the DEM element (0,0) be clement (o,p) in the m-by-m tile containing it. Then DEM
row i falls in tile row = (i+0)/m, and DEM column j is in tile column r= (j4 p)/n. I DEM
clement (i,j) is stored in a node's data array, there are



(= o249 Twide]1D -1 (r - startjq])

tiles stored before tile (¢,r); the summation counts the tiles in rows above the clement, and
the rest of the expression counts the tiles stored in that tile row belore tile (,1). DEM element
(1,j) 1s clement

((I40)%m)*n 4 ((j4 p)%n)

in tile (¢,r); here "%" is used for the remainder operator.
Now, define the arrays roffset and coffset as follows:

roffsetfi] = - o2 lto¥ml-Twide(1] - start][(i4 o)m ] *m¥*n + ((40)%m)*n, 0 <i<M;
coffset[j) = [G4p)ynFm*n 4 (1p)%n, 0 <j<N.

(Operations within square brackets return integer values.) Then, assuming JEM clement
(fing, sample) is stored locally, the C macro

fldefine ELEMENT (line, sample) datajroffset[line] 4 colfsctsample]|

maps the global coordinates into the local array. The macro VALID, for determining whether
a plobal data point is in Tact stored locally, is more complicated than the version given in the
previous section. One way of expressing it is

fldefine TH.E. ROW(Iine) (line4 0)/m

fidefine TILE. COLUMN(sample) (sample4 p)/n

ldefine VALID(ine, sample) ((PILE, COLUMN(Sample)>= start[ TH.1, ROW(Iine))\
&& (TILE_COLUMN(sample) < star TH.FE_ ROW(ine)| + wide[ TL.E. ROW(ine)|))

This is attractive neither acsthetically nor computationally, but a carefully written program
should not need o use it.
3. Memory Considerations and Data Exchange

‘The assumed scenario for the intervisibility toolkit is one in which the analyst sclects an
arca of interest and requests a serics of tasks involving a serics of reference points. This

1 figure 3. The set of 4x4 tiles covering an AOR, I the input data is passed as tiles, it makes HO catls more
cllicient andd simplifies the redistribution of the DIXM over the nodes.




produces two problems regarding DEM data movement. The first is loading the DEM data
from the host into the transputers in a time- and memory-efficient manner; the second is
rearranging the DEM as required for new reference points and new domain decompositions.

3. Tiled Tagged Image fle ‘ormat

Tiled radial domain decomposition is employed (o address the first data movement
problem. The advantages for the transputers have already been discussed, but tiling is also
usclul for the host computer and the human data manager.

The Tagged Image File Format (P11 s a tag-based file format maintained by Aldus
Corporation [4]. TIFE Revision 6.0 supports tiled images, and JPL, has developed TIHE 6.0
compliant soltware for adding geographic information to the files [5]. The clevation data,
therefore, may be stored and accessed as a tiled TIFE image by the host machine.,

There are several advantages to using tiled TIFE celevation files. TIFE is a well-
maintained, standardized format which is gaining in popularity, and a C language source
code of routines for creating and displaying TIFE images is available in the public domain.,
TIFE supports a number of data compression schemes, and the files are directly transportable
across a variety ol platforms, without concern for big-endian/little-endian and byle-swapping
differences; these features address several concerns for the person responsible for generating
and maintaining the data files. Finally, accessing a subregion of a large tiled image is a much
more efficient process than accessing an image stored by row,

3.2 The Hardware Platform, Problem Sizes, and Data Shuf ling

‘The target platform for the intervisibility toolset is a network of ‘1805 transputers in a 16-
node hypercube configuration, connected to the VME bus of a Sun SparcServer 670 MP
(Figure 4). Four of the sixteen nodes have 16 Mb of lTocal memory; the others cach have 4
Mb. Intervisibility tasks arc not guaranteed the entire hypercube, but will be allocated nodes
in sub-cubes of at lcast 4.

For a given subset of this network and a fixed DEM, there are a number of possible
combinations of required to available memory. In the simplest case, the entire problem --
input DEM, output, other data, and code -- takes less than 4 Mb, and therefore can fit on
sach node. Assuming a 4 byte DEM and a 1 byte output, grids of around 800 by 800 should
fit on a 4 Mb node, in which case no radial distribution of the input data is necessary.

A sccond possibility is that the memory requirements are between 4 and 16 Mb. This
means that some sort of decomposition is required, but the entire DEM will fit on one of the
four "corner” 16 Mb nodes. When the DEM is first loaded from the host, a corner node
stores all the data, while the other nodes receive only those tiles which cover their AORs.,
When a subsequent request arrives, requiring a new domain decomposition, the 4-Mb nodes
determine which new tiles are required and which current tiles may be discarded; the new
tiles are requested from the corner node, which does not need to compulte its own tile set. If
the process' subcube contains more thar 16-Mb node, ile requests may be distributed among,
them,

‘This possibility generalizes to the case where memory requirements are greater than that
available to the node with the least memory but less than the total memory in the subcube. A
list of which tiles cach node is responsible for broadcasting must be maintained, and updated
as the tiles migrate throughout the network. It the list is propagated globally, cach node will
be able to send a single message to every other node, requesting the appropriate tiles. Onee a
node has received requests from all other nodes (some of which may be null), it may route a
tile to all nodes which requested it with a single broadeast message.

FPIFE is a rademark of Aldu Corporation
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Figure 4. The transputer platform comprises two identical boards; a VMU fink switch distinguishes the board
which communicate with the host. Tlypercube message routing efficiency is unchanged for all but the four
“corner” 16 Mb nodes; these requir ¢ an extra node in the routes between pairs in the upper and lower
subcubes, but their maximum message distance is still 4 nodes. Fr om control ler node, maximum distance s
also 4 nodes.

4. User Interface and Options

The intervisibility toolset comprises three principle functions, cach of which is fully
described below. While the toolset itsell was designed (o service requests from any source,
including other applications running on the transputer network, there is a user interface,
developed along with the toolset, which provides simple yet complete aceess 1o the
capabilitics ol the toolset, as well as a varicty of means for displaying the products. The
interface is X-Molil based, and runs under (at Ieast) SunOS 4.1.2.

The user interface operates within the environment of the Mapper Toolkit, a situation
display manager implemented at JPL {6]. The Mapper Toolkit provides an analyst with a
georeferenced map background, along with a varicty of useful functions such as roaming,
zooming, an overlay drawing package, symbol placement, coordinate conversion, and
distance calculation. The primary map source is Are Digitized Raster Graphics (ADRG) data
from the Defence Mapping Agency (DMA); these maps are shipped on compact discs, then
read and converted into tiled "TIF files for ready access and display.

In a typical scenario, the analyst would use the Mapper Toolkit to position a map over the
desired Area of Interest (AOI), then select "Visibility Analysis” from the "Applications”
pulldown menu.




4.1 Visible Line-of-Sight Viewshed Computation

Visible line-of-sight (1.OS) determination is the basic function of the intervisibility toolset.
It answers the question, "Which points within the AOT are visible from a fixed reference
point?" The reference point is, of course, given in three dimensions: in addition to the
geographical coordinates, a height above the ground is required. The reference point need
not, in general, be within the AOI, though for most 1LOS applications it is.

T'wo points are visible to cach other (the operation is obviously symmetric) when the line
scgment connecting them does not pass through the ground; that is, when it lies entirely
above the clevation profile between the two points, Given the ray from a reference point 10 a
visible point, all points beyond the visible point which are beneath that ray may be said to be
in the point's "shadow,” and therefore not visible. The first point on or above that ray is
visible, and casts its own shadow at least as Tar as all visible points before it. Since the
closest point is always visible, a simple pscudo-code algorithm for line-of-sight along an
clevationprofile is as-follows:

1.OS[1]= VISIBLI;
Slope = Elevation| 1]/ Distance] 1];
i= 2
while (i <PROF ILE_ LY INGTH)
while (Elevation]i] < Slope * Distancel]i]) {
L.OS|i] = HIDDEN;
IEEN

}
1.OS}i] = VISIBLI;
Slope = Elevation[i] / Distanceli];

(This assumes that the elevation profile has been computed with the height of the reference
point set 1o 7e10.)

11 the analyst isonly interested in whether two particular points are visible to cach other,
the computation is done on the Sun host, since the SPARC processor is faster than a single
transputer. I the set of all points in the AOT visible to the reference point -- the viewshed of
the reference point -- is required, cach node execultes a version of the above pseudo-code for
the elevation profiles from the reference point to cach boundary point in its AOR. After the
1.LOS array has been filled, the binary VISIBLE/AHIDDEN information is interpolated onto the
output grid, with the hidden output pixels set to 0 and the visible ones set to 1. When the
entire output grid has been computed, results are collected, compressed (rom 1 byte per
datum to 1 bit per datum, and sent 1o the host.

‘The output product of visible 1.OS is therefore a binary mask, with cach point in the
output grid assigned a value. This logical data is in a form such that other terrain grid-based
reasoning applications, such as asset schedulers and route planners, could casily incorporate
it into their reasoning procedures [7]. Or it may simply be displayed as an overlay on a map
background, shading the arcas visible to the reference point.

Furthermore, a sct of these binary masks may be combined using logical bitwise
functions, such as AND and OR, to create a composite overlay. Some logical combinations
have fairly obvious interpretations: AND produces a mask of points visible to all reference
points; OR produces a mask of points visible o at Jeast one reference point, Others are
somewhat more abstract; (A AND B) XOR C yicelds a mask of points only visible to
reference points A and B, or to reference point C. The user interface allows arbitrary bitwise
logical combinations to be specified for a series of reference points; currently, except for
AND and OR, which both have simple English explanations, it is up to the user to provide
her own interpretation of the expression she supplies,

4.2 Intervisibility Matrices
‘The clements of an intervisibility matrix (1VM) contain the size of the viewshed at a fixed

height above the gridpoint. Such a matrix is useful in Jand-use planning as well as military
sensor placement problems.



To generate an IVM, the transputers must compute the 1LOS masks at cach point on the
grid. For small grids (less than about 800 by 800), cach node can store the entire input DEM;
therefore, the domain decomposition is by strips of the output matrix. A node computes the
entire viewshed for each pointin a horizontal band of the AOI grid.

Larger grids, however, require radial domain decomposition. All nodes work in parallel 1o
compute the viewshed of cach gridpoint, as with a single 1.OS problem described above. The
reference point progresses by input tile, rather than by row. This order will reduce the
incremental change in the set of tiles stored locally, since the radial decompositions will
change only slightly as the reference point moves aboul within the tile.

Once the JIVM has been computed, a variety of display options remain for the analyst. The
data may be displayed as a grayscale map overlay, with the brightest points in the overlay
indicating the Jargest viewsheds; up to seven colors may be used instead of shades of gray,
with cach color representing an interval of viewshed sizes; and the data may be cut off with
lower and upper thresholds. All of these options are available interactively after the matrix
has been returned to the process which requested it.

The intervisibility toolset also generates three variations on the IVM: a filtered IVM; the
gradient of the TVM; and a connected viewshed 1VM. The filiered 1VM is produced by
running a 3x3 box filter (i.c., the output at a gridpoint is the average of the input and its eight
surrounding neighbors) on the intervisibility matrix; this filter is performed in parallel, with
cach node responsible for filtering a horizontal band of the output matrix. Display options are
the same as for the full IVM,

The gradient operation produces flow lines through cach gridpoint, indicating the direction
of the greatest incremental increase in the size of the viewshed. As with the filtered 1VM, the
gradient is computed with a horizontal strip domain decomposition after the IVM is gencrated
with a radial domain decomposition. The flow lines for cach strip are computed in parallel,
then connected across strip boundaries; the final product is a set of vectors tracing viewshed
sizes from Jocal minima to local maxima,

An element in a connected viewshed IVM represents the size of the polygon comprising
the set of visible points which have no hidden points between themselves and the reference
poing; that is, given an clevation profile, the points between the reference point and the first
hidden point are precisely those included in the connected viewshed. The connected
viewshed IVM is computed in the same manner as the full IVM, except that the first hidden
point, rather than the boundary point, is the terminating condition in the loop along an
clevation profile. Display options are the same as for full and filtered 1VMs.

4.3 Radio Signal Path .oss

For radio signal propagation, visible linc-of-sight is neither necessary nor sufficient .o
guarantee successful communication. Effects such as knife-edge refraction and tropospheric
scatlering extend the receivability of a radio signal beyond the visible 1.0S, while distance
and atmospheric effects attenuate the signal |8].

‘The Department of Defence's Electronic Compatibility Analysis Center (ECAC) has
developed the Terrain Integrated Rough Farth Model (TIREM) software package for
computing radio signal path loss [9]. TIRIEM has been converted 1o run in parallel on the
transputer network to service radio LOS requests for the intervisibility toolkit.

As with visible LOS, radio 1.OS operates along an clevation profile. Radial domain
decomposition is therefore vsed in an identical manner for both problems.

In addition to the reference point, a receiving antenna height and a propagation frequency
are required for radio LOS. The analyst may choose to display the raw results of signal path
loss, convert the data (o signal strength by providing a transmission power, or display only
the contours bounding arcas above a given signal-to-noise ratio.

5. Conclusions and Future Work

This paper describes the implementation of a suite of intervisibility tools on a Sun-hosted
ransputer network. ‘The property of radial data dependence common to all the problem




addressed by the toolkit was exploited to minify the memory and communication
requirements for solving a series of problems regarding the same input DM,

A number of questions remain regarding the optimization of this implementation. In
particular, detailed analysis of the costs of the various schemes discussed in Section 3.2 for
distributing large DEMSs over the nodes needs (o be performed, to ensure that the extended
memory of the 16-Mb transputers is properly used, guarding against both the bottleneck of
these nodes being swamped by requests for new tiles, and the cost of maintaining a
distributed listif the DEM 18 scattered over the syslem in a less systematic manner.

User feedback is required to spur the development of the interactive user interface. The
ideas of the developer regarding appropriate capabilitics, warped by an incomplete
understanding of how the toolset may be used by an expert and by the desire to try the casiest
choice first, do not always match the ideas of the end-user.

Finally, the generic interface to the intervisibility toolset needs to be hardened and
codified, to make the programs a uly usable source of ntervisibility data available (o
applications programs in general,
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